The rate of thymidine incorporation into cells of Salmonella typhimurium growing in different media has been measured. In glucose-minimal medium, deoxyribonucleic acid (DNA) replication occurs during the first two-thirds of the division cycle; the final one-third of the division cycle was devoid of DNA replication. The measured doubling time of S. typhimurium in this medium is approximately 48 min, indicating that C (the time for a round of replication) and D (the time between termination and cell division) are approximately 32 and 16 min, respectively. At slower growth rates the pattern of replication is the same as glucose minimal medium. At faster growth rates the "gap" in DNA synthesis disappears. At rapid growth rates evidence for multiple forks is obtained.
The pattern of deoxyribonucleic acid (DNA) replication in Escherichia coli B/r growing at different growth rates is described by two parameters: C, the time for a replication point to proceed from the origin to the terminus of the genome, and D, the time between termination of the round of replication and cell division. In cells growing in medium supporting doubling times of 20 to 60 min, the values for C and D are constant and approximately 41 and 22 min, respectively. In cells growing slower than C minutes per doubling there is a "gap" or period devoid of DNA synthesis, and in cells growing faster than C minutes per doubling there is a period with multiply-forked chromosomes (4) .
Although earlier results of DNA/cell determinations on Salmonella typhimurium and the changes occurring during a shift between steady states of growth suggested that the pattern of DNA replication would be similar if not identical to that in E. coli B/r (3, 8, 17) , Chan and Lark (2) have presented an alternative description of the replication of DNA in S. typhimurium. Among their conclusions one could specifically note that there were no gaps observable in DNA replication, and the rate of DNA replication slowed as the doubling times increased. There was no investigation of rapid growth rates and no evidence of multiple forks was presented.
This paper analyzes the replication of DNA during the division cycle of S. typhimurium and presents results somewhat different from those of Chan and Lark (2). In addition, a qualitative similarity but a quantitative difference is observed in the DNA replication pattern of E. coli B/r and S. typhimurium.
MATERIALS AND METHODS Bacteria. S. typhimurium LT2 was obtained from H. Whitfield and is the standard wild-type strain which is used for genetic analysis of Salmonella. A mutant (S. typhimurium 1520) which requires histidine was also studied, with similar results. It has been shown previously that this strain binds to and elutes from membranes in a manner similar to E. coli B/r (18).
Media. C medium with various additions was used throughout (5, 6 ).
Experimental methods. The membrane elution technique is as described by Helmstetter and Cooper (6) . Growth rates of exponential cultures were determined in 10- Analysis of the elution patterns. After the initial wash-off of unbound cells, the cells found in the eluate are newborn cells released by cell division of the bound cells. Since progeny of the oldest through the youngest cells of the membrane-bound population are released consecutively during each generation of elution, the rate of incorporation of thymidine during the division cycle is seen by following the curve of radioactivity per cell from right to left in each generation. Abrupt increases in incorporation during the division cycle reflect initiation of a round of chromosome replication and decreases reflect the completion of a round of replication (5, 6) . (These two assumptions, that the increases and decreases in the rates of incorporation of thymidine are due to initiations and completions of rounds of replications are supported by a wide range of evidence in E. coli B/r, such as DNA contents per cell, variations in DNA contents, nuclear contents and variations in nuclear contents, studies on inhibition of DNA replication, etc. (4, 7) . These assumptions are also made for S. typhimurium.) This is described in Fig. 1 where patterns 1 to 5 indicate different times at which new rounds of replication start. Pattern 6 allows the estimation of the starts and completions of rounds of replications. In pattern 6, initiation is occurring at (or about) cell division. With this pattem, it can also be concluded that the next decrease in the elution pattern is the time at which one generation of cells have eluted. Since the trough in the elution pattern is in the first fractions eluted, this must mean that the "gap" in thymidine incorporation is in the older cells of the division cycle. In addition, a pattern such as 6, in which initiation occurs at cell division, means that the sum of the time for a round of replication C and the time between completion of a round of replication and cell division D must be equal to the doubling time of the culture (i.e., C + D = doubling time or interdivision time).
RESULTS
Patterns of DNA synthesis and chromosome replication during the division cycle of S. typhimurium. S. typhimurium LT2 was grown in minimal medium with glucose and the rate of incorporation of radioactive thymidine during the division cycle was determined by the membrane-binding method described in Materials and Methods. Figures 2 to 5 are representative experiments. Note that in each figure the radioactivity per cell exhibits an initial trough in incorporation, followed by a plateau region. This plateau is then followed by another trough which again rises to a plateau. Each figure has the general shape of pattern 6 in Fig. 1 . Note that the second decrease (between 50 and 60 min of elution) occurs at approximately the same time as the decrease in the cell number of the lower cell elution curve. As noted in Fig. 1 ., this is interpreted as indicating that the increase in the rate of incorporation of thymidine occurs at the start of the division cycle, that is, at cell division. Since the trough occurs at the start of elution, this indicates that a period with low incorporation of thymidine occurs in the oldest cells of the division cycle. This is supported by the location of the second trough, which occurs after the decrease in the cell elution curve.
The same experiment using acetate-minimal cells is illustrated in Fig. 6 . Note the same general pattern, with a deep trough in incorporation occurring at the beginning of the elution pattern. This again may be interpreted as a period of decreased thymidine incorporation in the oldest cells of the division cycle. Figure 7 presents a number of experiments illustrating the elution pattern observed with cells growing at more rapid growth rates. Note that with increased growth rate there is a loss of the trough observed with glucose-grown cells, and as the growth rate increases there is a pattern appearing similar to that observed with rapidly growing E. coli B/r in which both increases and decreases in the rate of incorporation are observable. This is evident in the glucose-casamino acids-grown culture.
A quantitative analysis of the size of the trough observed in Fig. 2 to 5 is difficult because of the inability to determine exactly where an increase or decrease in incorporation rate actually occurs. By actual measurement, the ratio of the duration of trough to duration of plateau is approximately 1:2. That is, the trough period occupies approximately one-third of the division cycle.
DISCUSSION
Interpretation of incorporation patterns in terms of chromosome replication during the division cycle. The thymidine incorporation patterns described above for S. typhimurium LT2 are qualitatively similar to that observed with E. coli B/r (5, 6) . Specifically, (i) at slow growth rates there is a pattern in which a trough or decrease in incorporation is observed in the oldest cells (5), (ii) at slightly faster growth rates the trough is eliminated and there is a stepwise increase in the rate of incorporation during the division cycle, and (iii) with increasing growth rates a peaked configuration is typhimurium. S. typhimurium LT2 was grown in C medium with 0.2% glucose with an exponential doubling time of 47 min. When the OD450 measured 0.250, the culture was pulsed with '4C-thymidine at a final concentration of 0.44 pg/ml (0.1 pCi/ml; 0.00183 pm/ml). After 1.6 min of incorporation, cold thymidine was added to a final concentration of 40 pg/ml.
After a further 0.4 min of incubation, the cells were filtered onto a Millipore membrane filter and newborn cells were eluted with conditioned medium at a flow rate of 2.9 ml/min. On the graph 0 min is the time when the cells were filtered. Fractions were collected at 2-min intervals. In this figure, as in Fig. 3 to 6 , the lower curve is the cell elution curve.
given in C. This pattern is obtained because of the dispersion of interdivision times about the mean interdivision time. The mid-point of the decrease in a cell elution curve is a good approximation of the average time it takes for each bound cell to divide once. It should be noted, with regard to pattern (6) , that it is not actually necessary to know the time required for one generation of elution, in order to determine that the "dip" in the graph represents a decrease in incorporation in the oldest cells. This is because the first observed "gap" occurs at the start of the experiment and must therefore be due to a decrease in incorporation in the oldest cells of the labeled culture. Since the first decrease of pattern 6 occurs in the first cells eluted, the second decrease must occur at the beginning of the second generation of elution. This is an independent way of estimating, with elution patterns similar to 6, the time at which one generation of elution has occurred. (5, 6) , and (iii) a peaked configuration, at the fastest growth rates, caused by the presence of multiple forks during a part of the division cycle (6) .
We suggest that similar reasoning applies in the case of S. typhimurium, and that qualitatively, at slow growth rates there is chromosome replication occurring during the first (approximately) two-thirds of the division cycle, with a "gap" in replication during the last third. At faster growth rates the gap disappears, and at rapid growth rates a "peaked" configuration which can be interpreted in terms of multiple forks is observed.
It should be noted that the period devoid of chromosome replication is in the oldest cells of the culture, and that in these cells new rounds of replication start at cell division. There is no distinct period devoid of chromosome replication at the start of the division cycle. In slower growing acetate cells a similar configuration is observed.
Quantitative analysis of chromosome replication during the division cycle. The experiments in Fig. 2 to 5 have been analyzed quantitatively as described in Results, and it was concluded that the trough occupied approximately one-third of the division cycle. By analyzing this in terms of chromosome replication, it can be concluded that replication of the chromosome takes approximately two-thirds of an interdivision period. Since the exponential doubling time of the glucose-minimal cultures was approximately 48 min, the time for a round of replication is approximately 32 min. Similarly, the time between the end of a round of replication and cell division is approximately 16 can be made for Salmonella, and this is, in the glucose-grown cultures, the doubling time of 48 min. This value of 48 min for C + D is significantly less than a value of 63 min obtained for E. coli B/r.
As the growth rate increases, it becomes difficult to make quantitative estimates of C and D because of the absence of significant increases and decreases. In the case of glucoseCasamino Acids-grown Salmonella, the incorporation pattern observed is similar to that observed with rapidly growing E. coli B/r and therefore suggests that in Salmonella there are multiply forked chromosomes at the more rapid growth rates. Since the doubling time of this culture was 32 min, it appears that the replication time was greater than 32 min.
At slower growth rates, as in the acetate culture presented, and in other experiments not shown, there was no evidence for a distinct period devoid of DNA replication in the youngest cells of the division cycle. This is not to exclude the probable occurrence of new-born cells which have not yet initiated a new round of replication, but merely to state that when cells initiate new rounds of replication at cell division, it may be that initiation is symmetrically distributed about the time of cell division. Therefore, some cells may have and some cells may not have initiated new rounds of replication at the time of cell division. In terms of the analysis of the division cycle of mammalian cells, there is a G2 but no measurable Gl period.
Comparison with other results. These conclusions are not the same as that of Chan and Lark (2). They used autoradiography and density labeling techniques and did not find a "gap" period in S. typhimurium even though the cells were growing with a doubling time of 65 min. How can we account for this discrepancy? The density labeling and starvation techniques have been examined by Margolis and Cooper (15) , who used a computer simulation of DNA replication to reanalyze the basic experiments of Lark (13, 14) . They showed that various artifacts of the method, such as residual protein synthesis during the starvation period and heterogeneity of chromosome initiation, could lead to equivocal results. The autoradiography results are more difficult to understand because this method has been used before to find "gaps" in DNA synthesis (1, 12) . Chan and Lark (2) do note that the pulse length and pool effects could obscure a gap as large as 20 min. Other than this possibility, the reasons for the differences between the results of Chan and Lark (2) and the results reported here are not known. Their strain was thy-and it is possible that the replication time is lengthened in the mutant.
The results reported here with regard to the presence and location of a "gap" in DNA synthesis during the division cycle are similar to the findings with E. coli B/r (5, 6, 16) as well as E. coli 15T-(1). The method used to obtain the results with E. coli B/r is the same as that used in this paper. This method cannot produce a distortion in the thymidine incorporation pattern because the thymidine incorporation pattern is measured in unperturbed, exponentially growing cells. The membrane procedure is merely a method for analyzing the labeled cells following the labeling period. For these reasons the method is probably one to be preferred as it does not involve any manipulations which lead to changes in the DNA replication pattern. In theory, autoradiography of pulse-labeled cells has the same advantages.
Nevertheless, there are other results in the literature that have been, and are, at variance with the above conclusions. In an attempt to unify the results obtained with E. coli and S. typhimurium, we would like to comment on these other results (which suggest a "gap" in the early portion of the division cycle) to see whether this is actually the case.
The original suggestion by C. Lark (12) that the gap is present in the early portion of the division cycle of a slow-growing culture has been analyzed previously (4) However, in another publication Kubitschek and Freedman (11) have agreed that the analysis of faster growth rates by the membrane method is satisfactory. That is, in more rapidly growing cells (glucose-grown cells) the rate of thymidine "uptake" doubles during the division cycle. (Although cells from the membrane procedure are taken into trichloroacetic acid, it should be emphasized that what is actually being measured is "uptake" because subsequent growth on the membrane will lead to the incorporation of any soluble components which are in cells at the end of the labeling period.) Therefore, if the sucrose separation method does not lead to the "accepted" result for rapidly growing cells, why should it lead to the proper result for slow growing cells? Or to put it another way, if the membrane procedure does not lead to abnormal results with rapidly growing cells, why should it be expected to lead to abnormal results with slow-growing cells?
Kubitschek and Freedman (11) have proposed a "self-consistent" model which says that the rate of DNA replication at slow growth rates is the same or similar to the rate at faster growth rates. Also, the time between termination of replication and cell division does not increase at slow growth rates. This model predicts a large gap in the early portion of the division cycle of slow-growing cultures. The experimental evidence they marshall in support of this model are DNA/cell determinations.
Kubitschek and Freedman plotted their data as the log of the DNA/cell versus the log of the reciprocal of the doubling time (presumably to spread out the many slow-growing cultures). Their plot unduly exaggerates the slow-growing cultures and appears to give a better fit to their model than may actually be the case. It is preferable to plot the log of the DNA/cell versus the reciprocal of the division time (4, 17) where the proposal of Kubitschek and Freeman would give essentially a straight line. The model proposed for E. coli (4, 5) would predict a break at about 1 doubling per h, with a flat portion between 0 and 1 doubling per h. We suggest that the data of Kubitschek and Freedman (11) , which are replotted in Fig. 8 Kubitschek and Freedman and to conclude, using the previously measured DNA replication patterns of Helmstetter (5) , that the genome MW of E. coli is somewhat less than previous measurements (4) have reported.
Further evidence against the model of Kubitschek and Freedman (11) is the observation that inhibition of DNA synthesis in slow-growing cells allows one third of the cells to undergo one further cell division (7) . If 
